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1. An Overview of CRES and Phase I Success Project 8 was conceived with the goal of directly measuring the neutrino mass from the tritium beta decay spectrum endpoint. Very near the endpoint, the spectrum will be influenced by a nonzero effective mass of the electron neutrino, m β . Direct measurement experiments compare an empirical spectrum to the m β = 0 prediction and look for a significant distortion to extract the neutrino mass. Currently, all such measurements are consistent with m β = 0 and thus produce only limits on the neutrino mass. The strongest present limit comes from the Mainz [1] and Troitsk [2] experiments: m β < 2 eV [3] , and KATRIN anticipates a sensitivity of m β < 200 meV [4] . In its final phase, Project 8 will target a sensitivity as low as 40 meV.
The method employed by KATRIN and the Mainz and Troitsk experiments is limited in sensitivity to about 200 meV; thus, an experiment which aims to improve on KATRIN-level sensitivity must use a different technique. Project 8 has pioneered a technique called Cyclotron Radiation Emission Spectroscopy (CRES) to measure the tritium spectrum by detecting cyclotron radiation from individual beta electrons in a magnetic field. Fourier analysis [5] of the cyclotron signal provides a precise measurement of the frequency, which is directly related to the electron energy:
where f is the frequency, e is the elementary charge, B is the (ideally uniform) magnetic field magnitude, K is the electron kinetic energy and m e is the electron mass. Fig. 1 shows an event detected in the first phase of Project 8, which established CRES as a viable technique for a tritium endpoint experiment [6] . The frequency of the signal increases with time due to radiative energy loss, and the discrete steps correspond to sudden scatters off of residual gas molecules.
The Path Forward: A Tritium Spectrum
The long-term plan of Project 8 is organized into four phases:
• Phase I (completed): proof of concept, demonstration of CRES, and measurement of the krypton conversion electron spectrum.
• Phase II (current): collection of the first ever beta decay spectrum of molecular tritium using CRES.
• Phase III: extraction of a limit competitive with the current Mainz/Troitsk limits of approximately 2 eV. Phase III will have a much larger fiducial volume than previous phases, and will collect data for approximately 1 year.
• Phase IV: first ever direct measurement of the neutrino mass. Phase IV will pioneer the use of atomic tritium to improve the sensitivity as low as 40 meV.
Phase II Cell and Waveguide Plans
In Phase II, we will construct two new cells: one for use with krypton and one with tritium. The two cells will follow from the same design and will ideally be exact replicas. Many significant upgrades have been incorporated in the new cell design, including:
• A more elaborate magnetic trap, consisting of 5 solenoidal trapping coils. This will allow us to better study the magnetic trap and related systematics of the detector.
• A reliable probe of the field strength using electron spin resonance (ESR). These ESR probes are installed very close to the trap coils to ensure high accuracy, and are currently being used to calibrate the magnetic trap.
• A cell volume which is a factor of 3 larger than in Phase I, with a cylindrical waveguide geometry to further increase the effective trap volume.
• A reflector at one end of the cell which will coherently reflect the signal power, ideally increasing the signal-to-noise (S/N) ratio by a factor of 2.
• A circulator to greatly reduce thermal noise in the waveguide to approximately 50 K, further improving the S/N ratio.
The krypton cell, pictured in Fig. 2 , was constructed in the Spring of 2016 and is now being commissioned for use with the detector. We have already observed a much lower noise floor due to the circulator, and thus expect a greatly enhanced S/N ratio over Phase I. The primary goals of commissioning this cell are to study/optimize the magnetic trap, and to directly test all of the Phase II design requirements except tritium compatibility. The tritium cell is currently under construction, and will be used to collect Project 8's first ever beta decay spectrum. We plan to begin collecting data with tritium before the end of 2016. 
Signal Analysis Development
In addition to the upgrades discussed in the previous section, we also anticipate the need for more sophisticated analysis in Phase II. The krypton spectrum consists of discrete lines, while the tritium spectrum is continuous; Phase I analysis often looks at these krypton peaks individually, and any misreconstructed events outside the peaks can be easily identified. However, with a continuous spectrum this luxury is lost; poor reconstructions can masquerade as genuine signals and must be more carefully accounted for. In addition, the noise level from the Phase II krypton cell is substantially lower and less frequency-dependent than in Phase I. Clearer signals and a continuous spectrum both motivate the need for more quantitative spectrum analysis, which will be crucial to understand the results of Phase II and future phases as well.
Outlook
A tritium spectrum will be the next important step toward a direct measurement of the neutrino mass for Project 8. In the last year, we have made substantial upgrades to the detector for use with tritium, and we have designed and built a new gas cell which has so far met all of our expectations. With the advances in both hardware and software that are currently under way, we can work toward the high level of precision that future phases of the experiment will demand.
